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Abstract: We propose multi-periodic nanostructures yielded by 
superposition of multiple binary gratings for wide control over photon 
emission in thin-film devices. We present wavelength- and angle-resolved 
photoluminescence measurements of multi-periodically nanostructured 
organic light-emitting layers. The spectral resonances are determined by the 
periodicities of the individual gratings. By varying component duty cycles 
we tune the relative intensity of the main resonance from 12% to 82%. 
Thus, we achieve simultaneous control over the spectral resonance 
positions and relative intensities. 
© 2014 Optical Society of America 
OCIS codes: (050.5298) Photonic crystals; (260.5740) Resonance; (160.4236) Nanomaterials; 
(230.3670) Light-emitting diodes. 
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1. Introduction 
Light-emitting diodes (LEDs) and organic light emitting diodes (OLEDs) are on their way to 
replace traditional light sources such as incandescent lamps and gas-discharge lamps [1]. 
LEDs and OLEDs allow for high efficiency and a compact form factor. Additionally, they 
offer unique opportunities in tailoring the emission profile. The light-emitting thin-film stack 
forms a microcavity [2], which may be used to enhance emission in particular angular 
directions. More control is obtained by integration of nanostructures close to the thin-film 
light-emitting layer, which enables emission characteristics far beyond standard Lambertian 
emission [3]. Generally, planar nanostructures are of high interest for controlling the emission 
and absorption of photons in thin-film devices such as light-emitting diodes (LEDs) [4,5], 
distributed-feedback (DFB) lasers [6,7], and solar cells [8]. A standard photonic crystal slab is 
a periodic nanostructure with a dominant space frequency responsible for a single resonance 
of the electromagnetic field. It allows for coupling of guided modes to radiation modes with a 
dominant wavelength-dependent emission (and absorption) direction depending on the 
grating period [9–11]. Recent reports [4,6,12,13] demonstrate that, if control in a wide range 
of wavelengths and angles is desired, nanostructures providing multiple resonances are 
beneficial. The application-specific benefit of multiple resonances depends critically on the 
ability to control their wavelength, emission angle, and intensity. A random nanostructure can 
be considered the limiting case providing an infinite number of infinitely weak resonances. 
While it is useful for enhancing the outcoupling efficiency in emissive devices [14], it does 
not provide emission profile control. In the regime between perfectly periodic and perfectly 
random nanostructures, quasi-crystalline [6,15], quasi-random [4,12], and superimposed 
periodic structures [16–20] have been shown to provide multiple resonances. Nevertheless, 
methods for controlling the resonance intensities are rare. 
Here, we demonstrate that the superposition of multiple component gratings with different 
duty cycles allows for a rich Fourier spectrum and enables deterministic control over the 
relative resonances’ strengths. Section 2 briefly introduces the multi-periodic nanostructure 
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and the proposed control over its Fourier spectrum. After description of the experimental 
methods in Section 3, we present wavelength- and angle-resolved photoluminescence 
measurements of multi-periodic nanostructures in a thin organic light-emitting layer in 
Section 4. We demonstrate that the resonances’ relative intensities change with the 
component gratings' duty cycles, which agrees with our theoretical calculations. Finally, 
Section 5 concludes the paper. 
2. The multi-periodic nanostructure 
The multi-periodic nanostructure is constructed by a logical disjunction superposition of N 
binary single-periodic gratings as shown exemplarily for two component gratings in Fig. 1. 
 
Fig. 1. Schematic and working principle of multi-periodic nanostructures. Multi-periodic 
nanostructures are constructed by superimposing multiple binary gratings using a logical 
disjunction operation. (a) The component gratings have periods Λi and ridge widths lrd,Λi giving 
duty cycles of lrd,Λi/Λi. (b),(c) The resulting multi-periodic nanostructure is again a binary 
grating with period Λ that is the least common multiple of the component gratings' periods. 
The component gratings’ periods determine the resonances’ emission wavelengths and angles. 
The relative resonances’ intensities are controlled by the duty cycles as shown schematically 
for the case of two different two-component gratings (b,c). 
Due to the component gratings’ periodicity, their Fourier spectra are discrete. For the 
component gratings' periods Λi, i∈{1,…,N}, the multi-periodic nanostructure is also periodic, 
with the least common multiple (LCM) Λ = LCM{Λ1,…, ΛN} being the period. 
Consequently, its Fourier spectrum is discrete and we use m to denote the Fourier order. The 
Fourier order m = miΛ/Λi corresponds to the Fourier order mi of the component grating with 
period Λi and is strong for the dominant component gratings’ Fourier orders, if the component 
gratings’ overlap is limited. As an example we consider a nanostructure with two component 
gratings with periods of 350 nm and 450 nm. We will denote this structure by 350|450. This 
multi-periodic nanostructure has a period of Λ = 3150 nm. 
Figure 2(a) shows the power Fourier transform for ridge widths of lrd,350nm = 100 nm for 
the 350-nm component grating and lrd,450nm = 100 nm for the 450-nm component grating. 
Although the resulting period is much larger than the light wavelength in the visible regime, 
the multi-periodic nanostructure still comprises its components’ dominating space 
frequencies. The 7th and 9th order correspond to the first Fourier orders of the 450-nm 
component and the 350-nm component grating, respectively. Their strengths are reduced 
compared to the single-period gratings due to the superposition. 
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 Fig. 2. Fourier spectrum of a two-periodic nanostructure. (a) Calculated power Fourier 
spectrum of a 350|450 (lrd,350nm = 100 nm, lrd,450nm = 100 nm) multi-periodic nanostructure 
(black) together with the involved single period component spectra (red and green). The multi-
periodic nanostructure spectrum comprises the dominant Fourier orders of the component 
gratings. (b) Control of Fourier spectrum of the 350|450 multi-periodic nanostructure for 
varying lrd,350nm and fixed lrd,450nm = 100 nm. The ridge width lrd,350nm of the 350-nm component 
grating provides wide control over the dominating Fourier orders 7 and 9. 
2.1 Fourier spectrum control 
It is well known that the duty cycle of a single-period grating controls the coupling efficiency 
to a specific emission angle [21]. Thus, we propose the choice of the duty cycles of the 
grating components prior to the superposition as a means to control the Fourier spectrum of 
the multi-periodic nanostructure. The i-th component’s duty cycle is defined by the ratio of 
the ridge width lrd,Λi and the component's period Λi (Fig. 1(a)). Figure 2(b) exemplarily shows 
the influence of the ridge width lrd,350nm on the strongest Fourier coefficients of the 350|450 
multi-period nanostructure, for a fixed ridge width lrd,450nm = 100 nm. The 9th-order Fourier 
coefficient exhibits a bell-shaped curve with its maximum at lrd,350nm = 175 nm, which 
corresponds to the component’s duty cycle of 0.5. This curve behavior is well known for the 
first Fourier order of single-period binary gratings and is the reason why many binary grating 
waveguides radiate strongest close to a duty cycle of 0.5 [22]. Simultaneously, the 7th-order 
Fourier coefficient decreases with increasing lrd,350nm. 
3. Experimental methods 
In order to verify our theoretical findings, we experimentally investigated the resonant 
scattering of a guided mode in a nanostructured organic light-emitting layer. 
3.1 Nanostructure fabrication 
We fabricated 16 different multi-periodic nanostructures, each of 500 µm·500 µm size, on a 
single nickel shim. Initially, the structures were electron beam written (exposure dose 550 
µC/cm2; beam current 7 nA) in a 50-nm-thick poly(methyl methacrylate) (PMMA950k) layer 
on a silicon wafer. Subsequently, the structures were developed by a spray developer with a 
mixture of methyl isobutyl ketone and iso-propyl alcohol (MIBK:IPA 1:3). On top of the 
PMMA layer, a 7-nm-thick chromium layer and 15-nm-thick gold layer were evaporated, to 
act as adhesive layer and conducting base plate, respectively. In contrast to the commonly 
used >100 nm plating base layer thickness [23,24], we used a very thin plating base to avoid a 
planarization of the structures. This is especially important to fabricate the small feature sizes 
and depths down to 50 nm. Subsequently, approximately 0.5 mm nickel was deposited on the 
metallic layers by electroplating using a nickel sulphamate electrolyte similar to the process 
described by Vannahme et al. [25]. To ensure a slow nickel growth, to achieve a defect-free 
structure cavity filling, and to avoid problems with contacting the very thin metallization 
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layers, plating was started with very low current density (0.05 A/dm2). During plating time, 
the current was increased up to 1.0 A/dm2 (corresponding to a nickel growth speed of 12 
µm/h). Finally, the silicon and the PMMA were removed, yielding a nickel shim with the 
nanostructures on its surface. A good structure quality was established, as shown in Fig. 3 by 
the scanning electron microscopy (SEM) image and atomic force microscopy (AFM) image. 
 
Fig. 3. Characterization of the nickel nanostructures by scanning electron microscopy (SEM) 
and atomic force microscopy (AFM). Exemplarily shown is a multi-periodic grating of type 
196|400. (a), SEM image. (b), AFM height profile. 
3.2 Sample fabrication 
The nanostructures were transferred from the nickel shim to the samples using an established 
nanoimprint lithography (NIL) process [26]. For the replication stamp we used Sylgard 184 
(Dow Corning Corporation) polydimethylsiloxane (PDMS), mixed in a basis-to-curing-agent 
ratio of 8:1 and cured at 80 °C for 135 min. Cleaned, quadratic float glass (25 mm·25 mm, 1 
mm thick) provided the substrates for the samples. As NIL imprint resist, a 200-nm-thick 
layer of the UV-curable Amonil (AMO GmbH) was spin-coated onto the substrate, with prior 
application of Amoprime (AMO GmbH) to improve the adhesion between the glass substrate 
and the imprint layer. By application of the previously fabricated PDMS stamp onto the 
sample, without additional pressure, the nanostructure was transferred to the imprint resist. 
After curing the imprint layer under an UV-lamp for three minutes, the PDMS stamp was 
removed. As a result of the twofold transfer from the nickel shim to the PDMS stamp, and 
finally to the imprint resist, the imprint resist is structured equally to the nickel shim. 
Thereafter, a 65-nm-thick layer of the conjugated polymer Superyellow (Merck KGaA), a 
phenylene substituted poly(para-phenylenevinylene) derivative, was spin-coated onto the 
structured imprint resist. This step was done in a glovebox with inert nitrogen atmosphere to 
protect the Superyellow from oxygen and moisture. Finally, a 70-nm-thick silicon monoxide 
high-index and protection layer was deposited onto the Superyellow by thermal evaporation 
(0.12 nm s−1 evaporation rate). Thus, we obtained a 135-nm-thick, emissive waveguide layer 
on a substrate with 16 different multi-periodic nanostructures. The structure depth is 
approximately 30 nm, as determined by the structure depth on the nickel shim. 
3.3 Emission measurements and normalization 
For characterization of the sample emission, we focused a diode laser (15 mW, λ0 = 405 nm) 
on the sample with a spot size of 256 μm horizontally, and 214 μm vertically (1/e2-irradiance 
values), to separately excite the different nanostructures. We recorded the TE-polarized 
photoluminescence spectrally- and angularly-resolved in a plane perpendicular to the grating 
grooves. The sample was mounted on a rotational stage (Newport URS75BPP, ± 0.015° 
absolute accuracy), and was adjusted for each measurement such that the analyzed 
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nanostructure was not translated during rotation. A multi-mode fiber (205 μm diameter, 0.22 
numerical aperture) collected the sample’s photoluminescence at a distance of 50 mm, 
resulting in a full-width half-maximum (FWHM) angular resolution of ~0.3° to 0.6°. A 
spectrometer (Andor Shamrock SR-500i), together with a cooled back-illuminated charge-
coupled device (CCD) detector (Andor DU920P-OE, at −60 °C), recorded the spectra with 
0.75 s integration time. A TE polarization filter limited the measurement to the electric field 
normal to the plane of incidence. 
 
Fig. 4. Background removal and normalization of the emission spectrum. (a) Angularly- and 
spectrally-resolved, TE-polarized photoluminescence measurement of a nanostructured area on 
the sample. (b) TE-polarized photoluminescence measurement of an unstructured area on the 
sample. Multiplied with a matching factor, this emission is assumed to be the background of 
(a). (c) Background removal: measured signal (blue line) and background-free signal (red line) 
(TE-polarization, θ0 = 0°). The guided mode outcoupling peaks are approximately separated by 
subtracting the background. Note that the plotted intensity range has been limited. (d) 
Normalization. To obtain excitation-independent resonance peaks, the background-free 
emission spectrum is subsequently divided by the background spectrum at 0°. 
The recorded photoluminescence from nanostructured areas on the sample comprises 
directly emitted light (background signal) and scattered light from the guided modes 
(resonance peaks) (see Fig. 4). Most resonance peaks are clearly visible in the raw 
measurements (Fig. 4(a)). We nevertheless chose to subtract the background, in order to 
improve the weak resonances’ visibility in the following resonance peak analysis. The 
background signal is the part of the emission that does not emerge from guided mode 
scattering, but is emitted directly. We assumed that the background signal from the 
nanostructured waveguide is equal to the unstructured waveguide emission. Note that, by this 
assumption, we neglect the nanostructure’s influence on the dipole emission. We measured 
the unstructured waveguide emission (see Fig. 4(b)) separately for each sample, at an 
unstructured area, with the same angular and spectral discretization and polarization as the 
grating areas. To match the background intensity in the nanostructured area with the intensity 
in the unstructured area, we integrated the intensity in a region of typically 5° angle and 7 nm 
wavelength and determined the ratio as a matching factor. The region was chosen individually 
for each grating, as it has to be uninfluenced by the peaks but exhibit sufficient background 
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intensity. For the emission depicted in Fig. 4(a), the matching region is centered at θ0 = 0° and 
λ0 = 585 nm. Subtraction of the intensity-matched background signal approximately leads to a 
separation of the scattered guided mode light and hence to isolated peaks in the spectrum as 
shown in Fig. 4(c). In order to obtain excitation-independent resonance intensities, the 
background-free emission was subsequently normalized to the background spectrum at 0° 
(see Fig. 4(d)). Note, however, that silicon monoxide intrinsic absorption influences the 
resonance intensities. To minimize fabrication-induced variations, all data in this paper have 
been measured with the same sample at adjacent nanostructured areas. 
4. Resonance intensity control 
4.1 Experimental results 
 
Fig. 5. Photoluminescence measurements of resonant scattering of the TE0 guided mode at 16 
different multi-periodic nanostructures. Shown is the normalized emission intensity as a 
function of wavelength and emission angle perpendicular to the grating grooves (continuous 
background subtracted and normalized). Symmetric pairs of peaks arise due to the presence of 
forward- and backward-traveling modes. The numbers next to the strongest peaks indicate the 
scattering order m. Note how the introduction of an additional component grating in the lower 
two rows leads to an additional pair of peaks. The ridge widths of the component gratings are 
varied along the columns and rows of the figure and provide control over the intensity of the 
resonances. 
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The two top rows of Fig. 5 show the normalized photoluminescence for multi-periodic 
nanostructures composed of two grating components (Λ1 = 350 nm, Λ2 = 450 nm; 350|450) 
and the two lower rows for a superposition of three grating components (Λ1 = 350 nm, Λ2 = 
400 nm, Λ3 = 450 nm; 350|400|450). The peaks arise from resonant scattering of the TE0 
mode, for which a transfer matrix simulation yields an effective refractive index neff between 
1.69 at 510 nm wavelength and 1.53 at 710 nm wavelength. The peak positions in Fig. 5 are 
in agreement with the Bragg equation 
 00 effsin ,n m
λθ −=
Λ
 (1) 
where θ0 denotes the scattering angle in air and λ0 is the free-space wavelength. Note that neff 
depends on the average refractive index in the grating region, that is, the corresponding zero-
order Fourier component, determined by the component gratings’ duty cycles. For the present 
grating setups, neff differs less than 0.03 at a fixed wavelength as obtained by matching the 
measured angles θ0 to Eq. (1). We recall that the first-order Fourier coefficients of the 350-nm 
and 450-nm component grating are at the orders 9 and 7, respectively, in the spectrum of the 
350|450 multi-periodic nanostructure. The 350|400|450 multi-periodic nanostructure 
possesses a period of Λ = 25200 nm, such that the first-order Fourier coefficients of the 350-
nm, 400-nm, and 450-nm component gratings are at the orders 72, 63, and 56, respectively. 
As observed in Fig. 5, the orders corresponding to the first Fourier coefficients of the 
component gratings lead to the strongest resonances as also seen in the theoretical results. 
To demonstrate the deterministic control over the relative resonance intensities, we 
increased lrd,350nm in 50 nm steps from 50 nm to 200 nm (columns of Fig. 5). Up to lrd,350nm = 
150 nm, the increased 350-nm component duty cycle leads to a steep increase of the 
corresponding resonance intensity. This is associated with the increasing 7th-order Fourier 
coefficient (see Fig. 2). For the further increase of lrd,350nm to 200 nm, the resonance intensity 
of the 9th and 72nd order are nearly constant, which can be explained by the nearly equal 
Fourier coefficients of these orders at lrd,350nm = 150 nm and lrd,350nm = 200 nm. Along the rows 
of Fig. 5, we compare two different values of lrd,450nm. Clearly, an increase of lrd,450nm leads to 
increased resonance intensity associated with the 450-nm component, i.e., of the orders 7 and 
56. 
4.2 Comparison with simulation results 
We implemented the rigorous coupled wave analysis (RCWA), as described by Moharam et 
al. [27], and added an additional waveguide layer. The quasi-guided modes were found by 
resonant excitation [28], such that RCWA yields the scattered plane wave intensities in the 
superstrate (air) and substrate (glass). We analyzed the following stack: [air(n = 1.00), 105 
nm film (n = 1.93@λ0 = 550 nm to n = 1.82@λ0 = 700 nm), 30 nm grating, Amonil/glass (n = 
1.52)], where film represents both the organic emitter and the silicon monoxide. We obtained 
the film refractive index by matching the measured scattering directions to the simulation 
results for each wavelength. The reference base for the relative peak intensities in Fig. 6 is the 
summed intensity of all scattering orders leaving the substrate, neglecting the scattering to the 
superstrate. 
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 Fig. 6. Control of the peak intensities by a 350|450 multi-periodic nanostructure. Relative peak 
intensities with varying ridge width lrd,350nm of the 350-nm component. The ridge width of the 
450-nm component is 100 nm and the wavelength is λ0 = 550 nm. 
Figure 6 plots the experimentally observed relative resonance peak intensities for the 
350|450 multi-periodic nanostructure, for varying lrd,350nm and fixed lrd,450nm = 100 nm, and 
demonstrates the agreement with rigorous coupled wave analysis (RCWA) simulation results. 
By appropriately choosing the 350-nm component grating duty cycle, the relative intensities 
of the two dominating resonances, i.e., orders 7 and 9, can be controlled in a wide range of 
values. Specifically, in the experimental results, the relative intensity of the 9th order was 
varied between 12% (lrd,350nm = 50 nm) and 82% (lrd,350nm = 200 nm). 
5. Conclusion 
We have demonstrated a method to construct a multi-periodic nanostructure that provides 
multiple strong resonances with simultaneous control over the resonance intensities. We 
considered the specific example of tailoring the light emission profile from a thin emissive 
film as it is found in LEDs or OLEDs. The concepts presented here are also applicable to light 
extraction from waveguides in general and to resonant light absorption. 
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